A n extracranial-to-intracranial (EC-IC) bypass increases the vascularity of the cerebral hemisphere in patients with moyamoya disease (MMD) or its variants 8, 11 and is widely used as the treatment of choice for symptomatic MMD. [3] [4] [5] 11, 14 Numerous studies have shown that EC-IC bypasses decrease the risk of future stroke and transient ischemic attacks compared with medical therapy alone.
(STA) to middle cerebral artery (MCA) bypass and whose postoperative perfusion was monitored. To measure cerebral blood flow (CBF), a Q500 thermal diffusion probe (Hemedex) was placed in the frontal lobe adjacent to the bypass and connected to a Bowman perfusion monitor (Hemedex). The intraoperative CBF was measured using a Doppler flowmeter (Transonic). The CBF data were recorded on a minute-by-minute chart with no inbuilt smoothing. Some of the patients undergoing a left-sided surgery experienced a TNE. These TNEs manifested as an onset of dysphasia approximately 18-24 hours after the operation and lasted for up to 96 hours.
For detailed analysis of these events, we divided all 31 patients into 3 groups: left-sided surgery with TNE (Group 1), left-sided surgery with no TNE (Group 2), and right-sided surgery (Group 3). Intraoperative measurements of variables, including blood flow in the anastomosed arteries, were then compared among the 3 groups, with Groups 2 and 3 serving as controls. This accounted for the possibility that the right-sided circulation was intrinsically different from the left-sided one, suggested by our observation that during the course of this study no TNEs occurred after surgery in the right hemisphere. The data were examined for significant differences in CBF among the groups at various times in the postoperative period.
Statistical analysis
Raw data from minute-by-minute recordings of CBF, along with patient demographics and intraoperative data of the blood flows, were exported as text and spreadsheets and analyzed using JMP 8.0.2 software (SAS Inc.). The patients were classified into 3 groups as described above, and the intraoperative parameters were statistically compared among the 3 groups using ANOVA. Eight-hour time stamps were imposed on the CBF observations with the first recorded observation being labeled as 1. Data from observations for each time stamp were pooled within the 3 groups, and the medians of CBF at each time stamp were used to account for skewed distributions caused by outliers. The patterns of changes in median CBFs over time were plotted for the 3 groups with smoothing by the moving-average method. The analysis was limited to the first 50 hours after the operation, and the observations were divided into five 8-hour time periods: Period 1, 0-8 hours; Period 2, 8-16 hours; Period 3, 16-24 hours; Period 4, 24-32 hours; and Period 5, ≥ 32 hours.
The differences in the median blood flow among the various time periods and among the groups were statistically analyzed to determine the significance of these differences. Significant differences were correlated with clinical observations.
results
The group of patients in our study comprised 24 women and 7 men with a median age of 32 years (interquartile range [IQR] 25-46 years). All patients showed symptoms of MMD, confirmed by angiography, with evidence of ongoing ischemia for which they underwent direct revascularization. In total, 51 operations were performed; 20 of these were bilateral and 11 unilateral. Of these, 25 were right sided with no TNEs, 19 were left sided with no TNEs, and 7 were left sided with a TNE.
Intraoperative details of CBF, occlusion time, mean arterial pressure (MAP), and end-tidal CO 2 are shown in Table 1 . No significant differences in baseline flow patterns in the MCA were observed between the 2 hemispheres. On the side of the TNE, the postoperative MCA flow was higher both antegrade and retrograde in the distal and proximal MCAs, respectively, but this difference did not reach statistical significance. No statistically significant differences were observed, and the occlusion times and end-tidal CO 2 readings were similar for both sides.
On average, 20 hours (IQR 10-32 hours) of postoperative CBF data were available for each patient. The maximum recording lasted 50 hours after the operation, and the analysis was therefore limited to this time period. Detailed results from the analysis of 64,980 minute-by-minute flow recordings from the 3 groups and the moving-average plots for the changes in pooled median perfusions over time are shown in Fig. 1 . The flow pattern appeared as an oscillating and widely variable pattern; this was much more evident in the group with the TNEs (that is, Group 1). Group 1 started off with higher perfusions, but showed very significant decreases around the time of the TNEs (Fig. 1A) .
The differences in the means of the pooled median perfusions among the 3 groups are shown in Table 2 . It was evident that for each of the 8-hour time periods the CBFs in the patients of Group 1 were significantly different from the CBFs in the other 2 groups. When the median perfusions were analyzed within each group, they were significantly different at the different time periods, most evident in Group 1, implying a highly variable flow pattern in this group.
Discussion
Methods for the continuous measurement of CBF are now available. One such method is the use of a thermal perfusion probe such as the QFlow 500 probe used here, which is placed intracerebrally in the vascular area of interest. To display the CBF data, the probe is connected to a monitor such as the Bowman perfusion monitor (Model 500) used in this study. With this setup, clinicians can measure continuous real-time CBFs to identify cerebral edemas and evaluate how the blood flows respond to therapies. The setup also enables studying time courses of CBF patterns. Such time courses can be accurately determined with the continuous time-series data provided by this system.
The current literature on thermal perfusion probes has focused on the clinical feasibility and technical capabilities of these probes. Jaeger et al. 6 demonstrated that the use of thermal perfusion probes is reliable and that its results correlate well with those of other methods for measuring blood flow. Vajkoczy et al. 13 have also validated this approach and noted that the values recorded by the flow probe show a drift with time requiring a statistical correction to account for this drift. Rosenthal et al. 12 used this probe in patients with traumatic brain injury as part of multimodality monitoring.
The reported use of thermal diffusion probes in the set- ting of MMD and EC-IC bypasses has been very limited, despite the significant clinical potential of this approach.
Prospective clinical studies are needed to determine the clinical value of thermal perfusion probes. This requires comparing the clinical outcomes of using these probes with the outcomes of other standard methods for identifying individuals at risk for secondary ischemic brain injury or reperfusion injury (for example, in traumatic brain injury, subarachnoid hemorrhage, or after EC-IC bypass) and for monitoring CBF responses to therapeutic interventions. We have used thermal perfusion probes in patients with MMD who underwent an EC-IC bypass and report our experience here. Our data indicate that patients with TNEs (that is, Group 1) had a higher initial postbypass perfusion. Given that cerebrovascular reactivity is chronically impaired in these patients, such a large flow could result in hyperperfusion. A review of the trend of flow (Fig. 1A) confirmed that the cerebral autoregulation was indeed impaired in these patients. Especially in the patients of Group 1-that is, those who underwent surgery in the left hemisphere and experienced a TNE-the flow displayed a high intrinsic variability, indicating that the cerebral microcirculation in these patients failed to maintain a normal or steady flow.
The observed trends demonstrated that CBF after revascularization was not consistently high, but followed a variable pattern with significant drops in regional CBF between 12 and 24 hours postsurgery and again at 36 hours postsurgery. These drops also correlated temporally with the onset of TNEs (Fig. 1A) . We therefore hypothesize that a combination of competing blood flows from the collateral circulation, new blood flow from the STA, and impaired cerebral autoregulation led to episodic focal decreases in regional CBF. This decrease in regional CBF, in turn, caused the observed neurological deficits. Lee et al. 8 have previously shown that following revascularization, the intraoperative postbypass M 4 segment flow (combined proximal and distal to the anastomosis) can increase up to 5-fold, and that patients who develop a TNE have significantly higher postbypass M 4 and STA flows than patients who do not develop TNEs.
We analyzed CBF data for a maximum of 50 hours postsurgery for the patients with TNEs, and it is difficult to extrapolate from these data the further development of the CBF in these patients. However, because these neurological deficits typically improve after 48-72 hours, it is likely that the CBFs had normalized to a higher level by this time. We believe that postbypass hyperperfusion is a significant risk, but so is local hypoperfusion, and both can lead to TNEs.
Our data have important implications for patient management. Rather than arbitrarily maintaining the blood pressure between certain parameters as is normally recommended, it seems more reasonable to manage blood pressure by titrating it, using real-time data. Since our continuous CBF data suggest hypoperfusion at the onset of a TNE, to raise the blood pressure and increase perfusion, we treat these patients with midodrine, intravenous fluids, and sometimes fludrocortisone.
The small number of patients with TNEs limits our report; nonetheless, we were able to detect significant changes in local perfusion in these patients compared with those without a TNE. Some data were missing due to machine recalibrations, and these data were smoothed over by a standard moving-averages method. While we have retrospectively identified clear differences in CBF among the groups, it may be difficult to accurately model and predict which patients will develop TNEs. It was clear that the Group 1 patients started with higher flows, had greater fluctuations, and experienced a greater drop in flow when the TNE became clinically apparent.
Further studies and correlations of CBF data with those from MRI, the preoperative status of autoregulation, and postoperative MAPs would be helpful. Limitations in machine design and in the data obtained should be addressed, because frequent recalibration leads to missing data, and data variability increases with changes in brain temperature, especially in the immediate postoperative period when the brain temperature is raised from intraoperatively induced mild hypothermia. These missing CBF values weaken the value of the continuous timeseries data collected with the probe because converting continuous data to discrete values diminishes the power of the longitudinal analysis. An unsmoothed plot as read on the monitor can be misleading at times, and a trend of reduced CBF may be difficult to detect. However, we note that well-defined drops in flow are well displayed. The intrinsic variability of the data is demonstrated in Fig. 2 , providing a raw snapshot from 1 patient with a TNE.
It is important to consider that the flow probes measure only local CBF and do not provide perfusion measurements of the entire cerebral hemisphere. Although the manufacturers state that accurate measurements of blood flow are possible within a 0.3 cm 3 volume surrounding the probe, studies have shown that the flow probe yields an accurate reflection only of very localized blood flow. 12, 13 This is another potential limitation of using the perfusion values obtained with these probes to guide postoperative blood pressure management. Therefore, additional data from imaging studies may be used as adjuncts to inform such management.
conclusions
Our observations show that episodes of local hypoperfusion clinically correlate with TNEs. Our results suggest that managing blood pressure, closely guided by real-time perfusion data, may decrease the incidence of TNEs in these patients. Additional studies with larger numbers of patients are required to further validate this hypothesis.
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